Plant NRT2 nitrate transporters commonly require a partner protein, NAR2, for transporting nitrate at low concentrations, but their role in plants is not well understood. In this study, we characterized the gene for one of these transporters in the rice genome, OsNRT2.4, in terms of its activity and roles in rice grown in environments with different N supply. In Xenopus oocytes, OsNRT2.4 alone without OsNAR2 co-expression facilitated nitrate uptake showing biphasic kinetics at a wide concentration range, with high-and low-affinity K M values of 0.15 and 4 mM, respectively. OsNRT2.4 did not have nitrate efflux or IAA influx activity. In rice roots, OsNRT2.4 was expressed mainly in the base of lateral root primordia. Knockout of OsNRT2.4 decreased lateral root number and length, and the total N uptake per plant at both 0.25 and 2.5 mM NO 3 − levels. In the shoots, OsNRT2.4 was expressed mainly in vascular tissues, and its knockout decreased the growth and NO 3 − -N distribution. Knockout of OsNRT2.4, however, did not affect rice growth and N uptake under conditions without N or with only NH 4 + supply. We conclude that OsNRT2.4 functions as a dualaffinity nitrate transporter and is required for nitrate-regulated root and shoot growth of rice.
Introduction
Two major forms of inorganic nitrogen (N) available for plant roots are nitrate (NO 3 − ) in aerobic soil and ammonium (NH 4 + ) in flooded paddy soil. In plants, NO 3 − can serve as a signaling molecule to break seed dormancy, regulate lateral root development and leaf growth, alter flowering time, and integrate the expression of NO 3 − -induced genes for plant growth and development (recent reviews by O'Brien et al., 2016; Fan et al., 2017) . In many plants the larger part of the NO 3 − acquired by roots is transported to the shoots before being assimilated (Smirnoff & Stewart, 1985; Xu et al., 2012) .
To cope with varied concentrations of NO 3 − in soils, plant roots have developed two NO 3 − uptake systems, a high-affinity NO 3 − transport system (HATS) and a low-affinity NO 3 − transport system (LATS), operating at concentrations below or above 1 mM, respectively, for NO 3 − acquisition (Glass et al., 1992) .
Plant nitrate transporters were first identified and functionally characterized more than 20 years ago (Tsay et al., 1993) . They are encoded by at least four gene families, NPF (NO 3 − /peptide transporter; originally named NRT1/PTR), NRT2, CLC (chloride channel), and SLAC1/SLAH (slow anion channel associated homologues) Segonzac et al., 2007; Wang et al., 2012; Krapp et al., 2014; Léran et al., 2014) . The processes of NO 3 − uptake, translocation, and storage in plants are very sophisticated and are delicately controlled by the regulation and cross-talk between the four main types of transporter (O'Brien et al., 2016; Fan et al., 2017) .
The substrate specificity and affinity of these transporter family members are not strict as originally predicted. For example, the NPF members are suggested to function as the main components of the LATS for NO 3 − at high concentrations, while NRT1.1 (NPF6.3 or CHL1) in Arabidopsis (Liu and Tsay, 2003) and MtNRT1.3 in Medicago truncatula (Morère-Le Paven et al. 2011 ) actually serve as a dual-affinity nitrate transporter involved in both HATS and LATS. In contrast, a Medicago truncatula protein belonging to the NPF family encoded by the gene NIP/LATD (standing for numerous infections and polyphenolics/lateral root-organ defective) functions as a high affinity nitrate transporter (Bagchi et al., 2012) . NRT1.1 has been proposed to be a 'transceptor', a protein with dual transport and sensing functions (Ho et al., 2009; Gojon et al., 2011) . In addition, NRT1.1 can also transport auxin (Krouk et al., 2010; Bouguyon et al., 2015) .
The NRT2 transporter family has at least seven members in Arabidopsis , five in rice and three in the Medicago truncatula genome (Pellizzaro et al., 2015) . Notably, many NRT2 family members are unable to transport NO 3 − alone; they require a partner protein, NAR2 (nitrate assimilation related protein), which is also named NRT3 . In Arabidopsis, six of the seven NRT2 family members, the exception being AtNRT2.7, require NAR2.1 for transporting NO 3 − (Kotur et al., 2012) . In rice, three of the OsNRT2 members (OsNRT2.1, 2.2 and 2.3a) need OsNAR2.1 for root acquisition of NO 3 − Yan et al., 2011) . The key amino acids of OsNAR2.1 interacting with OsNRT2.3a have been identified (arginine 100 and aspartic acid 109), and such interaction was critical for OsNRT2.3a plasma membrane localization and NO 3 − transport activity (Liu et al., 2014) . Interestingly, unlike NPF members, which transport a diverse range of substrates, all the characterized plant NRT2 or NAR2 members function as components of the HATS, specifically in NO 3 − influx (see review by Fan et al., 2017) .
Previously, we have shown that in rice OsNRT2.1, OsNRT2.2, and OsNRT2.3a are transcriptionally up-regulated in roots by NO 3 − treatment, while OsNRT2.3b and OsNRT2.4 are expressed mainly in the shoot Feng et al., 2011) . OsNRT2.1 and OsNRT2.2 have relatively higher affinity for nitrate than OsNRT2.3a and OsNRT2.3b . OsNRT2.3a is involved in long-distance NO 3 − transport from root to shoot at low NO 3 − concentration (Tang et al., 2012) , while OsNRT2.3b plays a critical role in sensing cytosolic pH of phloem cells for balancing NO 3 − and NH 4 + uptake (Fan et al., 2016) . In this study, we report that OsNRT2.4 is expressed in lateral root primordia in addition to aerial parts, and OsNRT2.4 behaves as a dual-affinity nitrate transporter and plays important roles in maintaining NO 3 − -mediated growth of lateral roots and shoots of rice.
Materials and methods

Real-time quantitative RT-PCR analysis
Total RNA extraction from different rice tissues and qRT-PCR using an Applied Biosystems StepOnePlus Real-Time PCR System for OsNRT2.4 and the internal standard gene OsActin were performed by following the protocol described by Xia et al (2015) . All the primers are listed in Supplementary Table S1 at JXB online.
Transient expression of OsNRT2.4 in rice protoplasts
To construct a chimeric gene for the OsNRT2.4-enhanced green fluorescent protein (eGFP) fusion protein, OsNRT2.4 cDNA was amplified by PCR using forward primer 5′-agatctGATGGAGAA-GAAGACGAAGC-3′ and reverse primer 5′-actagtTTTCAGAA-GCATGTAATCATC-3′. BglII and SpeI restriction sites (italicized) were introduced, respectively, into each primer. The amplified cDNA was cloned in front of the eGFP-coding region in the vector pCAMBIA1302-eGFP-N1. To construct a chimeric gene for the eGFP-OsNRT2.4 fusion protein, OsNRT2.4 cDNA was amplified by PCR using forward primer 5′-ggtgaccAGATGGAGAAGAAGAC-GAAG-3′ and reverse primer 5′-ggtgaccTCATTTCAGAAGCAT-GTAATCA-3′. BstEII restriction sites (italicized) were introduced, respectively, into each primer. The amplified OsNRT2.4 cDNA was cloned into the vector pCAMBIA1302-eGFP-C1 behind eGFP. Rice protoplast suspension (0.2ml, approximately 2 × 10 5 cells) was transfected with DNA from 35S:GFP-NRT2.4 and 35S:NRT2.4-GFP constructs (10 µg each). The cells were incubated in protoplast medium (R2S+0.4 M mannitol) for about 12 h after being transfected. To visualize the plasma membrane, a working staining solution of 5 µg ml −1 membrane-selective fluorescent vital dye FM4-64 was used to stain the transfected protoplasts (Nelson et al., 2007) . Protoplasts were observed under a ×60 objective lens. The fluorescence of FM4-64 (a membrane-selective dye) and GFP in the cells was visualized using a confocal laser scanning microscope (LSM410; Carl Zeiss) with a 543 nm helium-neon laser and a 488 nm argon laser, and images were captured with a SPOT camera (Tang et al., 2012) .
Construction of an OsNRT2.4 promoter fusion with β-glucuronidase and β-glucuronidase staining An upstream 1.2 kb genomic fragment of the OsNRT2.4-encoding region was amplified by PCR using forward primer 5′-aataagcttATGGAGAAGAAGACGA-3′ (with a PacI restriction site, italicized) and reverse primer 5′-ggatccCTCATTTCAGAAGCAT-GTA-3′ (with an AscI restriction site, italicized). The product was cut with AscI and PacI and ligated into the pS1aGUS-3 vector. β-Glucuronidase (GUS) staining analysis and visualization were performed as described previously . Immunostaining with an antibody against GUS was performed as described previously (Yamaji and Ma, 2007) .
Cloning and cRNA synthesis of OsNRT2.4, OsNAR2.1, OsNPF2.4, and AtNPF6.3 and nitrate uptake assay in Xenopus laevis oocytes The open reading frame of OsNRT2.4 was synthesized at the Genscript biotechnology Company. OsNPF2.4, AtNPF6.3 , and synthetic OsNAR2.1 constructs were as described previously Xia et al., 2015) . These cDNAs were subcloned as a BglII-SpeI fragment into the oocyte expression vector pT7Ts (Cleaver et al., 1996) , linearized using XbaI, and the cRNA was transcribed in vitro using an Ambion mMessage mMachine®T7 kit.
The protocols for oocyte preparation, incubation, and injection with 50 ng of OsNRT2.4 cRNA, AtNPF6.3 cRNA, OsNPF2.4 cRNA or a mixture of 25 ng OsNAR2.1 cRNA and 50 ng OsNRT2.4 cRNA were the same as previously described (Feng et al., 2013; Xia et al., 2015) .
The measurements of NO 3 − influx and efflux and affinity value (K M ) of OsNRT2.4 in oocytes were performed as described by Feng et al (2013) and Xia et al (2015) .
IAA uptake assay in Xenopus laevis oocytes Oocytes were isolated and injected with 50 ng of OsNRT2.4 cRNA or AtNPF6.3 cRNA as previously described (Feng et al., 2013; Xia et al., 2015) Yang et al., 2006) . They were then washed five times in 50 ml of Ringer solution (4 °C) containing 5 μM cold IAA. Each oocyte was then dissolved in 50 ml of 2% SDS. Lysis solution was then mixed with 3 ml of scintillation solution. Incorporated radioactivity was measured by a liquid scintillation analyser (Tri-Carb 2100TR; Packard Instrument) (Krouk et al., 2010) .
Generation of OsNRT2.4 CRSPR/CAS9 mutants
We used the CRISPR/Cas9 system to generate osnrt2.4 mutants. To generate the Cas9 targeting construct for OsNRT2.4, three gene-specific spacer sequences (see Supplementary Table S2) were cloned into the entry vectors, and then cloned into destination vectors containing the CAS9 expression cassette pH-Ubi-cas9-7, of which the CAS9 coding sequence was codon-optimized for expression in rice and was driven by the maize Ubiquitin (Ubi) promoter (see Supplementary  Fig. S3 ) (Miao et al., 2013) . All of the constructs were transformed into rice as described previously by Feng et al (2011) . Three homozygous knock-out mutants (osnrt2.4) with different mutation sites were also identified ( Supplementary Fig. S3 ), and all of these transgenic lines were used for further analysis.
Plant growth conditions
The hydroponics experiments for rice seedling growth using International Rice Research Institute (IRRI) nutrient solution in a phytotron (16 h light (30 °C), 8 h dark (22 °C), and 70% humidity) were described by Tang et al (2012) and Xia et al (2015) . Nitrate and ammonium concentrations for the treatments are given in each figure legend. Dicyandiamide (7 µM, C 2 H 4 N 4 ) was mixed into the nutrient solutions to inhibit nitrification. The nutrient solution was refreshed every 2 d. , 40%) was added into the culture solution for 10 min, and then the seedlings were transferred to 0.1 mM CaSO 4 solution for 1 min before the sampling.
Determination
The protocol for assaying nitrate redistribution from the oldest leaf of WT and nrt2.4 mutants to N-starved roots and the youngest leaf using 15 NO 3 − was as described by Xia et al (2015) .
Measurement of root system architecture
The root systems in segmented vertical agar plates were scanned at 300 dpi with Epson Expression 11000XL Photo (Seiko Epson, Japan). Seeds were surface sterilized for 2 min in 50 ml of 70% (v/v) ethanol and then surface sterilized for 30 min in 50 ml of 30% (v/v) sodium hypochlorite followed by seven washes with sterile water. After drying, seeds were storing in aseptic plastic containers on 50 ml solid medium (0.4% Phytagel, IRRI nutrient solution without N) for 2 d at 28 °C in the dark. After that, the seeds were transferred to 12 × 12 cm transparent plates on 40 ml of solid medium ( , and the plates were incubated vertically in a growth chamber at 28 °C, with a 16 h/8 h light/dark regime. The number of lateral roots (LRs) was calculated by adding up the number of all individual roots of one class and counting under the microscope. The length of primary root and LRs was measured using the ImageJ scanner-based image analysis system. The LR density was calculated by dividing the total number of lateral roots by the length of primary root (Remans et al., 2006; Lima et al., 2010) . All the experiments were performed at least twice and yielded similar results.
Analyses of total Kjeldahl-N and nitrate concentrations in different organs
The root, leaf sheath and leaf blade of each individual rice plant were separated for assay of total Kjeldahl-N (total organic and amino-N) and nitrate concentrations as described previously (Tang et al., 2012; Xia et al., 2015) .
Statistical analysis
Data were analysed by multiple comparisons of one-way ANOVA using the LSD and Duncan's test in SPSS 10 (SPSS Inc., Chicago, IL, USA). Different letters on the histograms between the transgenic plants and WT and/or different treatments indicate their statistical difference at P≤0.05. Fig. 1) . Interestingly, OsNRT2.4 expression was strongly enhanced by exogenous treatment of seedlings with indole-3-acetic acid (IAA) and especially jasmonic acid (JA), while abscisic acids (ABA), N-1-naphthylphthalamic acid (NPA), and salicylic acid (SA) did not have an effect on its expression (see Supplementary Fig. S1 ).
Results
Expression of
OsNRT2.4 was localized at lateral root primordia and multiple cell types of shoot
To determine the subcellular location of OsNRT2.4, eGFP fused at either the N or the C terminus of OsNRT2.4 was transiently expressed in rice protoplasts by cauliflower mosaic virus 35S promoter. The green fluorescence of OsNRT2.4-eGFP or eGFP-OsNPF2.4 was observed at the protoplast plasma membrane compared with the diffuse cytoplasmic localization of the eGFP control ( Fig. 2) , confirming that OsNRT2.4 was a plasma membrane-localized transporter.
To analyse the expression pattern in different rice tissues, the 1351 bp upstream region of the OsNRT2.4 coding region was fused to the GUS reporter gene and introduced into rice (cv. Nipponbare). The GUS staining showed that OsNRT2.4 in root was expressed in the base of the lateral root primordia (Fig. 3A) , not in other parts including the root hair zone and tip (Fig. 3B, C) . It was also detected in the root-shoot junction (Fig. 3G) , sheath ( Fig. 3I ) and blade ( Fig. 3J ), but not in the embryo (Fig. 3H) .
To examine further the OsNRT2.4 expression in different types of cells, GUS protein was detected by its antibody.
Within a root, the immunostaining was only observed in the cells at the base of lateral root primordia (Fig. 3D) , but not in any other cells (Fig. 3E, F) . In shoots, the staining was shown in vascular cells of the basal node (Fig. 3K, L) , sheath (Fig. 3M, N) , and blade ( Fig. 3O, P) .
OsNRT2.4 did not require OsNAR2.1 for transport of NO 3 − in Xenopus oocytes
To confirm if OsNRT2.4 needs an associated partner protein to provide NO 3 − uptake in the oocyte expression system, we performed a parallel analyses of OsNRT2.4 with and without OsNAR2.1, and used AtNPF6.3 (CHL1) and OsNPF2.4 (OsNRT1.6) as controls for uptake of NO 3 − at different concentration ranges and pH in bath solution.
As shown in Fig. 4A , OsNRT2.4 cRNA-injected oocytes showed a significant increase of NO 3 − uptake compared with water-injected oocytes with 0.5 mM NO 3 − and pH 5.5 solution, but showed no difference from OsNRT2.4 and OsNAR2.1 cRNA-co-injected oocytes. Expression of OsNPF2.4, a low affinity NO 3 − transporter in rice, did not increase NO 3 − acquisition at 0.5 mM NO 3 − , which was consistent with the result of Xia et al (2015) .
With 10 mM NO 3 − solution, the oocytes expressing OsNPF2.4 or OsNRT2.4 alone or co-expressing OsNRT2.4 and OsNAR2.1 all showed significant increase of NO 3 − in comparison with water-injected oocytes (Fig. 4B) . Expression of OsNRT2.4 alone was even better than its co-expression with OsNAR2.1 in promoting NO 3 − uptake (Fig. 4B ). Using AtNPF6.3 (CHL1) as a control at pH7.4 solution, we further confirmed that OsNRT2.4 did not require OsNAR2.1 for improving NO 3 − uptake (Fig. 4C ). In addition, we did not detect the activity of OsNRT2.4 in NO 3 − efflux affinity in oocytes (see Supplementary Fig. S2 ).
OsNRT2.4 is a dual-affinity NO 3 − transporter
As shown in Figs 4 and 5, we found that OsNRT2.4 itself functioned in transport of NO 3 − at both low and high NO 3 − concentrations. In general, OsNRT2.4 activated NO 3 − uptake irrespective of low pH (5.5) or high pH (7.4) in external solution (Fig. 5) .
To confirm that OsNRT2.4 protein is a dual-affinity NO 3 − transporter, we further used the isotope 15 NO 3 − to investigate the kinetics of NO 3 − acquisition in OsNRT2.4-injected oocytes in both micro-and millimolar ranges. Kinetic analysis of 15 N enrichment in oocytes incubated in the ranges 50-500 μM and 1-25 mM NO 3 − showed that both NO 3 − uptake rates were saturable (Fig. 6 ). The NO 3 − accumulation curves could be fitted by the Michaelis-Menten equation and the calculated K M values for the high-and low-affinity NO 3 − transport kinetics of OsNRT2.4 were 0.15 ± 0.036 mM and 4.01 ± 0.98 mM, respectively.
OsNRT2.4 did not have activity in facilitating auxin uptake
To test the possibility of OsNRT2.4 facilitating auxin uptake as shown by a well-characterized dual-affinity NO 3 − transporter, AtNPF6.3 (Krouk et al., 2010) , we compared the effect of OsNRT2.4 and AtNPF6.3 expression on auxin accumulation in oocytes incubated with 3 H-labelled IAA. The AtNPF6.3 cRNA-injected oocytes showed significantly higher [ 3 H] IAA uptake in comparison with water-injected control cells (Fig. 7A) , which confirmed the finding of Krouk et al (2010) , while no difference of [ 3 H]IAA content was detected between OsNRT2.4 cRNA-and water-injected cells (Fig. 7A) . In view of the specific localization of OsNRT2.4 in the base of lateral root primordia in rice (Fig. 3) , we characterized its function in NO 3 − -regulated lateral root (LR) initiation and growth using independent CRSPR/CAS9 mutated osnrt2.4 lines and WT in solid phytagel medium (see Supplementary  Fig. S3 ). In comparison with WT, inactivation of OsNRT2.4 resulted in a 30-40% decrease of total LR length and a 20-25% decrease of total LR number when exposed to both low (0.25 mM; Fig. 8C , E) and high (2.5 mM; Fig. 8D, F ; Supplementary Fig. S4A , B) NO 3 − medium for 96 h. There was also a slight effect of OsNRT2.4 mutation on primary root length in high NO 3 − medium ( Supplementary Fig.  S5A ). However, no significant difference of all the root parameters including primary root length and lateral root density was observed between the mutants and WT with 0 mM N ( Supplementary Fig. S5C, D) or 2.5 mM NH 4 + medium ( Supplementary Fig. S5E, F) .
Knockout of
In Arabidopsis, a MADS-box transcription factor, ANR1, plays a key role in controlling lateral root development under the control of nitrate signals (Zhang and Forde, 1998) . There are five predicted ANR1-like MADS-box genes in the rice genome (Yu et al., 2015) . We detected that OsNRT2.4 inactivation resulted in up-regulation of OsMADS23, 27 and 61 irrespective of nitrate level, while OsMADS25 and 57 expression was down-regulated only in low nitrate supply conditions (see Supplementary Fig. S6 ). In addition, OsNRT2.4 knockout also resulted in the opposite effect on the expression of OsNAR2.1, OsNAR2.2, and OsNRT2.1, and OsNRT2.2 and OsNRT2.3 in rice (see Supplementary Fig. S7 ).
Both N-starved osnrt2.4 lines and WT showed a similar rate of 15 NO 3 − influx per unit root when they were exposed to 0.25 or 2.5 mM 15 NO 3 − for 10 min (Fig. 9) . The results indicate that OsNRT2.4 expressed only in the root primordium did not significantly contribute to NO 3 − acquisition in the short term.
Knockout of OsNRT2.4 decreased rice growth and total NO 3 − acquisition
In comparison with WT, disruption of OsNRT2.4 significantly inhibited root and shoot growth with both low (0.25 mM) and high (2.5 mM) NO 3 − supply (Fig. 10A, B) . The mutants showed lower dry weight and less total N accumulation than WT irrespective of NO 3 − levels ( Fig. 10C-E ). In contrast, there was no significant difference of the root and shoot dry weight and the total N concentrations between the osnrt2.4 mutants and WT when grown in 2.5 mM NH 4 + solution (see Supplementary Fig. S8 ).
Knockout of OsNRT2.4 affects the distribution of root or leaf acquired 15 NO 3 − to other organs
Since OsNRT2.4 was detected in vascular cells at root-shoot junction and leaves, we analysed the effect of OsNRT2.4 knockout on the distribution of the 15 NO 3 − from root or source leaf to the sink organs of N-starved rice. After 24 h uptake, the relative distribution ratios of root acquired 15 NO 3 − in root, culm and sheath, and leaf blade were nearly the same for WT and osnrt2.4 mutant with 0.25 mM NO 3 − supply (Fig. 11A) , while the 15 NO 3 − distribution was increased in culm and leaf sheath but decreased in leaf blade of the mutants in comparison with WT at 2.5 mM NO 3 − supply (Fig. 11B) . To examine if OsNRT2.4 is involved in re-localization of nitrate in rice, the oldest leaf blades of WT and osnrt2.4 mutant seedlings pre-supplied only with ammonium were fed in the same manner and with the same amount of 15 NO 3 − solution for 4 h during the day. Based on the 15 NO 3 − concentration and the amount accumulated in the organs (Supplementary Fig.  S9 ), it could be calculated that the relative distribution ratio of 15 NO 3 − was increased in sheath but decreased in roots of the mutants that received low (0.25 mM) or high (2.5 mM) 15 NO 3 − supply in the oldest leaf blades (Fig. 11C, D) . These data indicated that OsNRT2.4 knockout prevented the distribution of NO 3 − from source (old leaf blade) to sink organs (root and young leaf).
Discussion
To cope with varied NO 3 − concentrations in the environment, plants require coordinated functional expression of multiple transporters with different affinity at different tissues and cells. Plant NPF transporters show diverse functions in addition to their NO 3 − transport activity for root nitrate acquisition and translocation (reviewed in O' Brien et al., 2016) . Among all the putative NAR2/NRT2 members in plants, only a few have been proven to be NO 3 − transporters (Fan et al., 2017) . In the present study, we demonstrated that OsNRT2.4 is a NO 3 − -up-regulated plasma membrane protein (Figs 1 and 2 ) and functions as a dual-affinity NO 3 − transporter (Figs 4-6 ).
In addition, OsNRT2.4 in rice root is specifically expressed in the base of lateral root primordia and involved in root and shoot growth responses to different NO 3 − supply ( Figs  8-11 ), but not to NH 4 + only or N-starvation treatment (see Supplementary Figs S4, S5 , and S8). To our knowledge, this is the first report that a NRT2 member without association with NAR2 partner protein can play a role in NO 3 − uptake and regulation of lateral root growth under both low and high NO 3 − supply conditions.
Rice OsNRT2.4 can function alone in facilitating nitrate uptake at a very wide range of concentrations
Unlike most of the characterized plant NRT2 members, which require the associate protein NAR2 for facilitating NO 3 − uptake (Orsel et al., 2004; Tong et al., 2005; Yan et al., 2011; Kotur et al., 2012) , OsNRT2.4 could function alone without OsNAR2.1 in NO 3 − uptake when expressed in oocytes (Fig. 4) . Previously, we have shown that OsNAR2.1 interacts with OsNRT2.1/2.2 and OsNRT2.3a with the kinetic constants for nitrate affinity (K M ) of 0.034 and 0.4 mM, respectively Yan et al., 2011) . In contrast, OsNRT2.3b protein, which is 30 amino acids shorter than OsNRT2.3a, does not require OsNAR2.1 for NO 3 − transport Fan et al., 2016) . Although the interaction motif of OsNAR2.1 with OsNRT2.3a determining trafficking of both proteins to plasma membrane has been identified in rice protoplast (Liu et al., 2014) , it is unknown which domain(s) of NRT2 proteins from any plant genome may be important for the functional interaction. Therefore, the domain(s) in NRT2 family members determining the essentiality of interaction with NAR2 partner protein and the affinity with NO 3 − remain to be identified in the future. Most NO 3 − transporter genes belonging to the NRT2/NAR2 family are expressed mainly in roots Fan et al., 2017) . The functional characterization of several plant NRT2 members from Arabidopsis, barley, rice, and tomato in an oocyte expression system have shown that all of them are components of HATS, specifically acting in NO 3 − influx (Tong et al., 2005; Remans et al., 2006; Yan et al., 2011; Kiba et al., 2012; Tang et al., 2012; Fu et al., 2015; Fan et al., 2016) . Surprisingly, we found in this study that OsNRT2.4 is a dual-affinity nitrate transporter. This conclusion was based on the direct evidence from the oocyte expression system. This finding is similar to the reports on two NPF members, Arabidopsis AtNPF6.3 and Medicago MtNPF6.8, which have both been characterized as dual-affinity transporters Liu et al., 1999; Morère-Le Paven et al., 2011) .
These three dual-affinity NO 3 − transporters have some divergent properties. First, AtNPF6.3 expression was concentrated in the tips of primary and lateral roots and was activated during lateral root initiation in addition to young leaves and developing flower buds (Tsay et al., 1993; Guo et al., 2002) , while MtNPF6.8 was detected in the pericycle region of primary roots and lateral roots, and in lateral root primordia and tips (Morère-Le Paven et al., 2011; Pellizzaro et al., 2014) , and OsNRT2.4 was expressed only in the base of lateral root primordia in addition to several types of shoot cells (Fig. 3) . Secondly, both AtNPF6.3 and OsNRT2.4 were up-regulated while MtNPF6.8 was down-regulated by addition of NO 3 − to the root. Thirdly, the dual-affinity kinetic constants (K M ) for the NO 3 − uptake based on the experiments with oocytes bathed in pH 5.5 solution were 0.05 and 4 mM for AtNPF6.3 and 0.042 and 7.2 mM for MtNPF6.8 (Morère-Le Paven et al., 2011) , while these values were 0.15 and 4.01 mM for OsNRT2.4 (Fig. 6 ). These differences indicated that these dual-affinity transporters, evolutionarily belonging to NPF and NRT2 families, could have different inherent roles in adapting to varied NO 3 − supply. The function of OsNRT2.4 in NO 3 − uptake at a wide concentration range has also been examined in rice. Since its expression in root was only in lateral root primordia (Fig. 3) , inactivation of OsNRT2.4 did not have a direct effect on short-term 15 NO 3 − influx rate per unit root (Fig. 9) . However, total N uptake in osnrt2.4 mutants was significantly lower than WT under both 0.25 and 2.5 mM NO 3 − conditions (Fig. 10 ), but not under NH 4 + treatment (see Supplementary  Fig. S8 ). Moreover, the root growth responses to external NO 3 − supply were also largely inhibited at both low and high NO 3 − levels (Fig. 8 ). Bringing these data together, we conclude that OsNRT2.4 plays a role in NO 3 − transport at both low and high concentration ranges. However, differences in the duration of flux measurement, membrane chemistry and surface/volume ratios between heterologous systems and plants may cause nitrate fluxes to have different characteristics (Glass and Kotur, 2013) . In a yeast system, AtNPF6.3 exhibited high affinity for nitrate, and phosphorylation of the residue Thr-101 could be involved in targeting this nitrate transporter to plasma membrane (Martín et al., 2008) . In planta fluxes through AtNPF6.3 may be arguable if they are interpreted as having a linear concentration dependence at both low and high nitrate conditions, and thus, the dual-affinity transport can be applied only to the oocyte system (Glass and Kotur, 2013) . Furthermore, the protein structures of AtNPF6.3 and OsNRT2.4 appear significantly different. AtNPF6.3 contains 591 amino acids and 12 transmembrane domains (Parker and Newstead, 2014; Sun et al., 2014) , while OsNRT2.4 is predicted to contain 485 amino acids and 10 transmembrane domains (see Supplementary  Fig. S10 ). A predicted nitrate binding site, His-362, and a proton-binding motif, EXXER, are not found in OsNRT2.4 ( Supplementary Fig. S10 ). OsNRT2.4 showed saturation of low-and high-affinity fluxes in oocytes, but it is difficult to identify the nitrate uptake kinetics in the rice plant, because OsNRT2.4 is only expressed in lateral root primordia (Fig. 3) and its inactivation did not affect nitrate influx rate (Fig. 9) .
OsNRT2.4 is specifically involved in the lateral root growth response to a wide range of nitrate supply
Nitrate stimulation of lateral root elongation is under a NO 3 − -signaling pathway controlled by ANR1 transcription factor belonging to the MADS-box family (Zhang and Forde, 1998; Zhang et al., 1999) . We observed the effect of OsNRT2.4 inactivation on expression of five ANR1-like genes (see Supplementary Fig. S6 ). OsMADS25 is a positive regulator controlling lateral and primary root development (Yu et al., 2015) and shows suppressed expression in the OsNRT2.4 mutant with low nitrate medium ( Supplementary Fig. S6 ). However, OsNRT2.4 inactivation did not affect expression of OsMADS25 and OsMADS57 in high nitrate supplied roots, while expression of OsMADS23, 27 and 61 was enhanced irrespective of nitrate concentrations ( Supplementary Fig.  S6 ). These data suggest the complex interaction of OsNRT2.4 with ANR1-like factors in controlling rice lateral root growth and development.
It is known in Arabidopsis that both NRT2 and NPF transporters are involved in the root sensing of NO 3 − . NRT2.1 acts as a repressor of lateral root initiation independent of its role in NO 3 − uptake (Little et al., 2005) , while NRT1.1 promotes localized root proliferation also independent of its NO 3 − nutritional effect (Remans et al., 2006) . NRT1.1 allows preferential root colonization of NO 3 − -rich patches through an as yet uncharacterized mechanism together with preventing auxin-traffic-regulated root growth at low NO 3 − (Mounier et al., 2014) . Knockout of MtNPF6.8 in Medicago inhibited the primary root elongation with high exogenous NO 3 − medium (Pellizzaro et al., 2014) . We found that OsNRT2.4 in rice root was expressed in the base of the lateral root primordia (Fig. 3A, D) , and its inactivation strongly confined lateral root numbers and elongation with both low and high NO 3 − supply ( Fig. 8; Supplementary Fig. S4 ), while its effect on primary root growth was highly limited (see Supplementary  Fig. S5 ). No significant difference of these parameters was found under conditions without N or only with NH 4 + supply (Supplementary Figs S4 and S5) , suggesting the specific role of OsNRT2.4 in the lateral root response to local NO 3 − . Notably, mutation of OsNRT2.4 attenuated the lateral root length and numbers in NO 3 − medium by about 30-40% (Fig. 8) , while its effect on short-term root NO 3 − uptake in rice was not significant with both low (0.25 mM) and high (2.5 mM) NO 3 − medium (Fig. 9) . In rice, OsNPF2.4, OsNRT2.1/2.2, and OsNAR2.1 were also found to be expressed in lateral roots Xia et al., 2015) . OsNAR2.1 interacting with OsNRT2.1/2.2 for root NO 3 − uptake has been shown to participate in NO 3 − sensing in relation to lateral root formation with low NO 3 − medium . These results indicate that OsNRT2.4 is probably coordinately expressed with OsNAR2.1-OsNRT2.1/2.2 playing roles in the NO 3 − uptake and signaling pathway in rice. It has been well characterized that auxin stimulates both initiation and growth of lateral roots (Benková et al., 2003; Casimiro et al., 2003; De Smet et al., 2007; Laskowski et al., 2008) . Auxin could up-regulate AtNPF6.3 expression and contributed to the targeting of AtNPF6.3 to nascent organs and root tips in Arabidopsis (Guo et al., 2002) . It has been speculated that other NO 3 − transporters may have a similar function to AtNPF6.3 in mediating NO 3 − -supply-dependent auxin transport in lateral roots (Krouk et al, 2010; Gojon et al., 2011 observed that auxin could up-regulate expression of OsNRT2.4, but not other rice OsNRT2 genes. In this study, we further confirmed that OsNRT2.4 could be up-regulated by exogenous auxin and JA, while it did not respond to ABA, NPA and SA (see Supplementary Fig. S1 ). In contrast, expression of another dual-affinity NO 3 − transporter, MtNPF6.8, in Medicago was insensitive to auxin but was stimulated by ABA and could transport ABA in oocytes (Pellizzaro et al., 2014) . Interestingly, we also confirmed that AtNPF6.3 could directly transport auxin as reported by Krouk et al (2010) , while OsNRT2.4 did not have such activity in oocytes (Fig. 7) . NRT2 is a nitrate-H + co-transporter and its activity could alter cellular pH balance . Since apoplast pH was shown to be a primary regulator of auxin (IAA) transport, being optimal at acidic pH (5.5-6) and dramatically reduced at higher values (Yang et al., 2006) , we could not exclude the indirect effect of OsNRT2.4 on auxin-regulated lateral root development. Nevertheless, unlike AtNPF6.3 and MtNPF6.8, which could directly transport auxin and ABA, respectively, to be involved in the NO 3 − signaling pathway, OsNRT2.4 in rice has its own unknown mechanism for acting on lateral root growth in response to local NO 3 − supply.
OsNRT2.4 is involved in nitrate allocation in rice
Phylogenic analysis reveals Arabidopsis AtNRT2.7 to be a close relative of OsNRT2.4 Xia et al., 2015) . Indeed, similar to OsNRT2.4 but unlike all other NRT2 members in Arabidopsis, AtNRT2.7 does not require AtNAR2.1 for nitrate transport (Kotur et al., 2012) . However, AtNRT2.7 is localized to vacuolar membrane and expressed mainly in reproductive organs, and it plays a specific role in NO 3 − accumulation in the seed (Chopin et al., 2007) . In contrast, OsNRT2.4 is located at plasma membrane and expressed abundantly in several cell types of aerial parts, but not in the embryo (Figs 2 and 3 ). Some NO 3 − transporters, such as AtNRT1.7 in Arabidopsis (Fan et al., 2009 ) and OsNPF2.4 in rice (Xia et al., 2015) , are important for NO 3 − re-mobilization from source to sink tissues via phloem transport in response to N limitation. In this study, we provided evidence that OsNRT2.4 also plays a role in NO 3 − ( 15 NO 3 − ) transport both from roots to shoots (Fig. 11B ) and remobilization from source (old leaf) to sink organs (young leaf and root) ( Fig. 11C,  D ; Supplementary Fig. S9 ). Remarkably, OsNPF2.4 is a lowaffinity NO 3 − transporter and its expression in shoots, especially in older leaf blades, was up-regulated by N deficiency (Xia et al., 2015) . OsNRT2.4 was also expressed in vascular tissues (Fig. 3) , but its expression was actually down-regulated by N starvation and enhanced by increasing NO 3 − supply ( Fig. 1; Supplementary Fig. S1A ). In view of the differences in their transport activity for nitrate and regulation by nitrate, OsNPF2.4 and OsNRT2.4 may play non-redundant roles in nitrate transport and re-mobilization in rice.
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